Bone marrow cellularity in untreated Fischer 344/N rats was subjectively evaluated in hematoxylin and eosin ( H & E)-stained histologic sections from femur, tibia, humerus, sternum, lumbar vertebrae, ribs, pelvis, and skull of 2-, 4-, 7-, 16-, and 24-month-old males. Marrow cellularity varied with age of the rat and bone site sampled. Hematopoietic cellularity was consistently higher in rats less than 4 months of age and less consistently higher in'24-month-old rats versus intermediate age groups examined. The 24-month-old rats had the greatest animal-to-animal variation in cellularity. Site differences in bone marr o w cellularity were present and similar at 4,7, and 16 months. Mean percentage of marrow space occupied by hematopoietic cells ranged from 33-75%. Categories for histologic grading of bone marrow cellularity are presented. Sternum, femur, and humerus are recommended sites for histologic evaluation of bone marrow cellularity from conventional H & E-stained sections. Definitive evaluation and assessment of hematopoietic perturbations should not be solely based on subjective evaluation of routine histologic sections.
INTRODUCTION
Evaluation of bone marrow volume, cellularity. and activity.in experimental animals, including rats of varying ages, has been accomplished by several means (2, (5) (6) (7) (8) (9) (10) (11) (12) 14) . Some of these methods provide inforniation that is quantitative and exact with respect to the paranicters measured; but few of them are practical as routine evaluation procedures. particularly for rodent toxicity and carcinogenicity studies involving large numbers of animals. For this reason, histologic sampling has remained an important method of boric rnarroiv evaluation, despite the artifacts inherent in the preparation of sections and the subjectivity of evaluation criteria.
Questions invariably arise during the design of subchronic and chronic toxicity stud-ies regarding \vhich bone(s) to sample for histologic evaluation of bone marrow. Some investigators prefer sternum because of the ease in making sections, others select femur because of the relatively large marrow cavity, and still others favor sectioning the femoro-tibia1 joint and using the distal femur and proximal tibia for evaluation of bone marrow histology. This latter choice alloivs the opportunity to examine articular surfaces and cartilage as well as bone niarroiv but presents some technical difficulties in obtaining good histologic preparations.
Other questions which arise during study interpretation include: Are age-related changes in bone marrow cellularity histologically discernible? Are changes in bone marrow cellularity site specific or systemic? Does the bone marrow site examined adequately represent the hematopoietic system? I n order to begin to ans\ver these and similar questions and to provide a basis for bone marrow site selection in designing rodent toxicity 349 CLINE AND MARONPOT TOX~COLOGIC PATHOLOGY studies, a histologic survey of bone marroiv cellularity in normal rats was undertaken. The purpose of this report is to present an histologic assessment of bone marrow cellularity \vitliin the marrow spaces of major bones of normal male Fischer 344 rats and to define a sclicnie for grading cellularity that ivould he useful to the practicing toxicologic pa tliologis t.
METtlODS
Thirty-six male Fischer 344 strain rats were selected from among various expcrimental controls arid other available populations of normal rats. The ages selected, naniely 2, 4, 7, 16, and 24 months, represent the approximate ages at ivhicli rats arc killed in conventional acute, subchronic, and chronic toxicity studies.
All rats were housed in polpcarbonate cages ivitli filter tops and \\'ere niaintained in facilities with an ambient teniperaturc of 21-22°C relative humidity of 50 2 lo%, and a 12-h light-dark cycle. They were fed NII-I 31 diet and ivater ud libiturn. Procedures for the humane care and use of laboratory animals (17) \\'ere follo\ved in all instances.
Rats were killed by carbon dioxide inhalation and the following bones collected: femur, tibia, humerus, sternum, lumbar vertebrae, ribs, pelvis, and skull. Bones were fixed in 10% neutral buffered formalin for a minimum of 1 week, decalcified with a commercial chelating reagent (Decalcifying Solution, American Scientific Products, McGraw Park, IL), and trimmed for conventional paraffin embedding and histologic sectioning. Bones were trimmed to reveal as much marrow cavity as possitile; this entailed bisecting'the appendicular bones sagittally, arid cutting the axial structures'in cross-sectional planes. The skull [vas transected at the level of the second molar, the eye, and the tympanic bulla. The pelvis ivas treated similarly, being transected at the levels of the iliac crest, acetabulum, and pubis. This resulted in 11 separate sites for histologic evaluation (see Table I ).
Sis-micron hematoxylin and eosin-stained sections Ivere prepared from each hone and exanlined microscopically. Each bone was subjectively graded into one of ten increniental categories as to the percentage (10, 20, 30 . . . 100%) of the available niarroiv space that was occupied by hematopoietic cells. The marrow space of each bone section ivas evaluated in its entirety; where tivo or more sections of the same bone were gvailable, each \\'as graded and the results averaged. Spaces occupied by bony trabeculae or large blood vessels, and artifactual spaces resulting from soft tissue shrinkage or mechanical displacement of tissues Ivere not included as available niarrow spaces. Abnormalities of the marroiv cavity, such as ostcosclerosis, medullary fibrosis, accumulations of lyniphoid cells, or myelitis were noted, but were encountered infrequently and \\'ere usually not of such severity that they necessitated removal of an animal from the study. Data from one male rat discovered to be leukemic iwrc not used. All histologic evaluations were performed by one person (J. M. Cline) without kno\vledge of which age rat was being examined. Several cases were independently examined by a second person (R. R. Maronpot) to confirm the grading'of cel- No. 4, 1985 RAT BONE MAKROW 351 lularity and to demonstrate that the results were repeatable.
Initial statistical analysis using two-way analysis of variance tests indicated evidence of interaction ( p < 0.001) between age and bone site. Subsequent pairwise comparisons were performed using t-tests. Differences in mean cellularity with respect to age of the animals were compared for each of the bone sites sampled and, similarly, differences in cellularity with respect to site were compared within each of the age groups. This resulted in 10 between age comparisons per bone site x 11 sites plus 55 possible comparisons between sites within a given age group X 5 age groups for a total of 385 comparisons ( Table I) . \\'ere present, as ivell as megakaryocytes, broivn I)igment-containiiig cells, vascular sinuses. osteoblasts, and osteoclasts. Within the limits of subjcctive histologic evaluation. the relative proportions of the hematopoietic marro\v components did not vary from animal to animal. and were consistent with previously published descriptions of rat and other mammalian bone marroiv (1, 11, 14) . Fat cclls occupied a proportion of the marroiv spaces that varied inversely with the amount of the hematopoietic cells at all sites examined. Distribution of the marrow fat was generally more centrally localized in the long bones and sternebrae. Other sites examined sho\ved no consistent pattern of adipocyte distribution.
RESULTS
Age-related Differences in Cellularity. Typical differences in bone marroiv cellularity are shown in Figures 1-5. 'The youngest rats in this study. 2 months of age, had the highest overall bone niarroiv cellularity, with ap-Proxin1ately 80% of I1larroI\' space being OCc u p i d by hematopoictic cells. Older age groups had overall mean bone marroiv cellulnrities varying between 60 and 67% (Table 
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Site-reluted Differences in Cellularity. Variations in cellularity with respect to site did not occur to a significant degree in 2-monthold rats. but ivere seen in all animals 4 months of age and older. The distribution of active marrow followed roughly the same pattern in each of the four older age groups. The 11 bone marroiv sites examined are presented in Table 111 , arranged as a continuum from highest to loivcst mean cellularity and divided into four groups containing sites that \ \ w e considered to be of equivalent cellularity. The statistical criterion for characterizing a set of sites as having equivalent cellularity ivas that no tivo sites in the group be significantly different ( p 5 0.05) in niore than one instance at any age. A notable finding in this study \\'as a complete lack of active hematopoiesis in the distal half of the tibia (Fig. 6 ). This observation Lvas consistent in all age groups.
Based upon examination of the stained sections, it was apparent that there was less consistent sampling for skull, pelvic bones, ribs, and vertebra in contrast to the sternum and long bones. Sarnpling inconsistency was I). The 2-month-old group differed ( p 5 0.05) from the four other age groups in 32 of the 44 comparisions made at various sites (Table 11) . This group had a consistently higher cellularity at each bone marroiv site.
In several instances, higher values for bone marrow cellularity were present in the 24month-old rats versiis the three middle age groups. This group had significantly higher ( p 5 0.05) cellularity in 7 of the 33 comparisons with the middle three age groups and in no instance displayed significantly lower cellularity than these groups. Another notable finding in'this oldest group of animals was an increased' animal to animal variation; the standard deviation for each bone marrow site was 2 to 3 times that of the same site in the other age groups (Table I) .
'I'he middle three age groups (4, 7, and 16 months) differed from each other in several instances at various sites (Table 11 ). These statistically significant differences represented a relatively small proportion of comparisons in which no age group consistently displayed higher or loiver valucs than another. 
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Age older. This observation is consistent Ivith the described pattern of hematologic maturation in the rat (2, 3 , 8 , 1 3 , 1 6 ) , in that bone niarroiv cellularity declined -a t approximately the time that peripheral blood cell counts Ivould be expected to stabilize at adult values. An increased variability, as reflected by larger standard deviations. ivas observed in bone related to the relatively smaller marrow spaces and greater technical difficulty in obtaining good histologic sections from the former bones. 
DISCUSSION

CLINE AND IMARONPOT
TOXICOLOGIC PATHOLOGY marrow cellularity of 24-month-old rats. This finding niay be a consequence of cumulative effects of environmental factors, spontaneous disease, trauma, endocrine effects, and other degenerative and geriatric changes common in old rats. Eased upon the grouping of bone marrow sites ivith equivalent cellularity (Table HI) , it is apparent that the commonly sampled proximal femur and sternum are similar over most of the rat's lifespan. Consequently, one would expect that these sites might be equally suitable for histologic evaluation of Lone marrow in chronic rodent toxicity tests. Also, the cellularity of the humerus is similar to the femur and sternum and it might serve as an alternative site should th'e experimental protocol preclude use of the femur or sternum. Although cellularity is greater in the skull and lumbar bones, difficulties in consistent sampling would rule against these sites \\.hen the other bones are available. \\'bile the femorotibial joint offers the option to examine bone marrow as well as articular surfaces in the same histologic section, the bone marroiv cellularity is slightly less in tliese bone sites and good sections are technically more difficult to prepare. Nevertheless, this site should also be adequate for routine histologic evaluation of bone marrow. A probable reason for absence of hematopoietic cells in the distal tibia is that sufficient blood cells can be produced in the adult rat without calling on this distal site. A similar lack of significant marrow activity in the radius and ulna has been reported (9). 'Although examination of the bone marrow of seven female rats was performed, the information generated was not statistically analyzed because of the small number of rats sampled. However, it is the author's impression that marrow cellularity was slightly lower in these animals than in males of the same age. Sex-related differences in bone marrow activity have been previously reported (4).
An attempt was made to estimate the mye-1oid:erythroid ratio in several rats. This evaluation was found to be too subjective, not repeatable, and was abandoned. Our recommenda tion concerning quantitative evaluation of bone marrow components is to use laser optic or electronic machine counts on diluted suspensions of flushed out femoral marrow cells (nucleated cell counts per femur) and evaluate Wright-Giemsa-stained cytospin preparations or smears from the sus-pended bone marrow cells (bone marrow differential counts). This approach is similar to that used for peripheral whole blood and differential cell counts. Whenever possible, quantitative bone marrow cellularity data should be evaluated in light of simultaneously obtained peripheral blood cell counts. Quantitation of bone marrow cellularity by conventional image analysis techniques is not recommended in lieu of performing actual cellularity counts from flushed out long bones such as the femur. The primary reason that image analysis is not practical in assessing bone marrow cellularity is due to the presence of artifactual spaces in most histologic preparations from decalcified bone.
In the practical and routine evaluation of histologic material from prechronic and chronic toxicity/carcinogenicity studies, the toxicologic pathologist usually makes subjective assessments of the degree of deviation from normal or control patterns of tissue appearance. This admittedly crude assessment of morphologic change provides more information than giving equal weight to a mild versus a marked tissue alteration. Definitive evaluations about non-neoplastic changes in organ systems based upon grading lesions in isolated specific tissues is not warranted and is not common practice. In many studies where effects on the hematopoietic system are anticipated, the usual tissues available for assessment of perturbations in the hematopoietic system are the routine bone marrow section and a section of the spleen. Depending upon study design, peripheral blood cells counts may also be available. When available, all of these sources of hematopoietiedata should be used in making definitive conclusions about the status of the hematopoietic system. When all that is available is bone marrow and spleen sections, alterations in either or both of the tissues should prompt a follow-up study to more appropriately and thoroughly examine the hematopoietic system.
Recommendations for routine subjective histologic evaluation of rat bone marrow cellularity include selection of a site such as proximal femur or sternum based on ease of obtaining consistent histologic samples and on a moderate proportion of the marrow spaces normally occupied by hematopoietic cells. These two sites have a normal cellularity (approximately 65-70%) that will permit grading increases (hypercellularity) and decreases (hypocellularity) from histologic sec-tions. The practice followed in National Toxicology Program studies is to have four grades of hypercellularity, viz., "minimal," "mild," "moderate," "marked," and four similar grades for hypocellularity. As a practical guide, the category "minimal" is generally used for a change that is just detectable. The "marked" category would be used for approximately 100% cellularity in the case of a hypercellular marrow or less than 10% for a hypocellular marrow. "Mild" and "moderate" represent intermediate degrees of each condition. Based upon the present findings, a "normal" bone marrow space would be approximately 60-75% filled by hematopoietic cells with the remaining space being occupied by fat cells (artifactual spaces excluded). Diagnoses such as bone marrow hypoplasia, aplasia, or hyperplasia go beyond what can safely be inferred from examining only decalcified bone sections.
Based on the present study, it is concluded that bone marrow cellularity in Fischer 344 rats varies with both age of the rat and site sampled. Age and site patterns of bone marrow cellularity were relatively consistent between 4 and 16 months of age. Compared with 4-to 16-month-old rats, marrow cellularity was consistently higher in rats less than 4 months of age, and was usualIy higher but more variable in 24-month-old rats.
